Hormones which inhibit senescence in Rumex leaf tissue in the dark include gibberellic acid and the cytokinin zeatin. Abscisic acid accelerates senescence in this tissue. Other workers have proposed that cytokinins, but not gibberellins, interact with abscisic acid in senescing Rumex leaf tissue. The present study reinvestigates the question of interaction using measurements of chlorophyll degradation kinetics as parameters of senescence rate and draws the conclusion that neither zeatin nor gibberellic acid interact with abscisic acid in this system. In support of this conclusion are these results. Zeatin clearly cannot overcome the effects of abscisic acid when hormone solutions are replaced every other day. The kinetics of chlorophyll breakdown for tissue treated with unreplaced saturating zeatin solutions is different from that of tissue exposed to saturating zeatin plus abscisic acid. The observed rates of chlorophyll breakdown for tissue treated with abscisic acid and zeatin agree closely with predicted rates using a multiplicative model for independent action of the two hormones.
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Zeatin solutions, when replaced every other day, show up to a 550-fold increase in effective concentration in the retardation of senescence. Less than a 10-fold increase could be accounted for by the addition of more zeatin molecules to the tissue. A nonbiological inactivation of zeatin or the production of an inhibitor of zeatin action by the tissue could not be demonstrated. It seems that zeatin is metabolically inactivated or sequestered in this tissue. The possible physiological significance of the inactivation of cytokinins in leaf tissue is discussed.
That endogenous growth regulators may work in unison to control the development of the plant is widely accepted among plant physiologists, and there have been numerous studies of the effects of combined application of plant hormones on a wide variety of responses. The question is often asked whether two growth substances interact in the system under study. An affirmative answer may mean that one hormone directly influences the concentration or action of the other; a negative means that the hormones act independently. Two chemical substances are reported to interact if the response to both of them applied simultaneously is not equal to the sum of their separately evoked responses. The sum of the responses for two independent variables is not necessarily additive, depending rather on the system under study, and it may be multiplicative or more complex. Since plant responses seldom have mechanistic models worked out for their action, tests of negative interactions or antagonism are usually simplified and aimed at showing that at a saturating concentration of one substance, the effect of a second is nullified. This result is taken to demonstrate an interaction (12) .
The most desirable response to measure in such studies is the rate of response, because this avoids misinterpretations due to nonlinear kinetics and to lag or latent periods in the system. It is also theoretically the best response because the rate should be most sensitive to changes in effective hormone concentration. Nevertheless, some interesting studies have been made in which rates were not directly measured. Instead, after an incubation of a tissue on the growth regulator being tested, a single time point measurement is made of the response. For example, Khan (10) has used this approach to show that kinetin and benzyladenine, at sufficiently high concentrations, can overcome the inhibition of a-amylase activity accumulated after 4 days in barley seeds caused by ABA. He concludes that cytokinins, but not GA3, interact with ABA in this system. GA, and cytokinins retard senescence, as measured by Chi decline, in Ruinex, Taraxacum, and Tropaeolum leaf discs (2, 8) . ABA has been shown to accelerate Chl breakdown in leaf discs from these and 18 other species (2, 3, 5) . In studies using the amount of Chl remaining in leaf discs after a fixed period as a parameter, Back and Richmond (2) reported that saturating kinetin, but not GA3, nullified the senescence enhancing effect of ABA in Rumex and Taraxacuin; Beevers (3) reported that GA3 was slightly more effective than kinetin in counteracting the effects of ABA on Tropaeoluni, though neither compound completely eliminated the effects of ABA: Sankhla and Sankhla (18) showed that kinetin strongly counteracted the ABA effect on leaf discs of A rabidopsis.
An interaction between cytokinins and ABA has been postulated (2) but, as stated above and in an earlier report (6) , rates of Chl breakdown are better criteria for interaction studies than measurements of Chl levels after a fixed incubation period. Since Chl breakdown kinetics in Rumex (8) and other species is not homogeneous, we have reinvestigated the question of interaction of cytokinins and GA3 with ABA-utilizing rate measurements (13) and using zeatin instead of kinetin as our cytokinin. Chl breakdown is taken as a valid measure of the rate of tissue senescence in this study because it correlates well with proteolysis and respiratory changes in Rumnex leaf discs senescing rapidly on H20 or ABA or slowly on GA3 or a cytokinin (3, 7) .
It is interesting to note that a number of reports dealing with the rapid metabolism of the cytokinins and especially of zeatin have appeared (1, 4, 16, 20 Chl was extracted and measured as described previously (8) .
There are two phases of Chl degradation in Ruiniex tissue kept in the dark (8 (Fig. 2) .
RESULTS
Effects of GA3, Zeatin, and ABA on Chl Breakdown Rate.
The effect of zeatin on the rate of Chl breakdown is demonstrated in Figure 1 . As zeatin concentration is increased to 1 and 100 tM, there is a decrease in the log phase rate, k, and in the composite rate, 1/T.: lines decrease in slope and move to the right. The lag phase appears to be extended as hormone concentration is increased. In general, zeatin and GA3 decrease the composite rate and the log phase rate by the same fraction. Discrepancies can, in most cases, be shown to be due to chance with the use of a Student's t test utilizing the Welch approximation for populations having different variances (17) . Table I shows the effects of GA, on these rates.
ABA has a greater effect on the composite rate than on the log phase rate in experiments in which solutions are not replaced (Table I, The ABA concentrations used in the combined treatment experiments were 2.5 or 5 ,Mm and are about half saturating.
Effects of Hormone Replacement. At low concentrations of GA3 (0.001 and 0.01 ,wM) no marked effect of replacing solutions every 2nd day was noticed, although at high concentrations replacement did promote activity (Table II) .
Of more interest is the observation that replacing zeatin solutions at low concentrations has a dramatic effect on Chl breakdown rate. The dashed curve in Figure 2 represents the dose-response curve for zeatin, in an experiment in which zeatin solutions were replaced every other day. Approximately 550 times lower zeatin concentration (10 nM) is sufficient to achieve a 50% reduction in rate if solutions are replaced. Notice also that the dose-response curve for replaced zeatin solutions approaches that for GA3. The maximal senescence inhibition caused by the hormones when replaced reaches or even exceeds 80% (Fig. 2 Figure 1 where this crossing phenomenon can be seen for 1000 pM zeatin + ABA, P is 0.005 for the difference in the k values. In Figure 3 the difference between the 1/ T-,. values has P = 0.05. Figure 3B clearly shows that the effects of ABA cannot be overcome with zeatin when solutions are replaced every other day. The difference in the k values for lines Z + A and Z has P = 0.005; the smaller k for line Z. For the difference in 1/ T. values, P is less than 0.001. Solution replacement appears to improve the effect of zeatin in the Chl breakdown time course and improve the effect of ABA later in the time course when the two hormones are present together, as seen when the Z + A line in part A is compared to the one in part B. The idea that ABA and zeatin work independently is supported by the fact that the observed rates in most cases compare closely with expected rates, calculated with the use of an independent multiplicative model ( Table III) . The predicted rate for a combination of zeatin plus ABA, using a multiplicative model, is found by multiplying the H20 control rate by the factor by which zeatin alone decreased it and multiplying this product again by the factor by which ABA alone accelerated the water control rate. The two cases which do not agree with the multiplicative model (Table III, lines  3 and 5) are found for tissue exposed to very high concentrations of zeatin. In theory the best comparison should be made with replaced solutions or with shorter incubation times (lower zeatin concentrations).
Tests on Stability of Zeatin. Zeatin solutions, when replaced every other day, show up to a 550-fold increase in effective concentration in the retardation of senescence (Fig. 2) . Since less than a 10-fold increase in effective zeatin concentration could be accounted for by the addition of more zeatin molecules to the tissue, experiments were undertaken to elucidate the role that replacement of zeatin solutions played in inducing this phenomenon.
The trivial possibility that zeatin was unstable in H20 under Composite rate (l/T5o) and log phase rate (k) of Chl breakdown are shown. Solutions were aged in darkness at 30 C for 5 days without tissue. Leaf discs were then placed on them and on fresh hormone solutions. (Table IV) . No significant difference was found between aged and fresh solutions at 1 and 10 /tM, and, although the difference in composite rates for aged and fresh solutions at 0.1 /tM is significant, the aged solution has the low rate. Therefore zeatin remains active under these conditions. In contrast, zeatin solutions incubated in the presence of Rumex leaf discs lost nearly all senescence retarding activity after 3 days (see Table V , row 1, columns 1 and 5).
An experiment was performed to test the hypothesis that a product of zeatin metabolism or something else released by aging tissue acted to inhibit the effectiveness of zeatin and that this product was removed when solutions were changed. Ten leaf discs were placed on 2 ml of sterile H20 or 0.5 Mm zeatin in a plastic Petri dish. Thirty dishes of each solution were prepared. When approximately 50% of the Chl in the discs had degraded (about 3 days) the solutions were sampled for sterility testing and frozen. Those solutions found free of microorganisms were filter-sterilized again and used in the experiment described below.
The conditioned H20 and the conditioned zeatin solutions were tested by measuring the rate of Chl breakdown in leaf tissue placed on them. A parallel set of tissue was set up on these same conditioned solutions to which fresh zeatin had been added to a concentration of 0.05 /tM. The results are presented in Table V . The conditioned solutions with added fresh zeatin retard senescence as effectively, or more so, than does fresh zeatin. There is no significant difference between the two conditioned solutions to which fresh zeatin had been added.
A short experiment was performed to check the effects of varying tissue to hormone solution ratios. Five or 50 leaf discs were incubated on 10 ml of 0.5 4M zeatin and discs were collected after 3 days. The duplicate Chl readings (as percentage of initial Chl) for the 5 discs were 67.5 and 69.6; for the 50 discs the duplicate readings were 47.8 and 50.7. Chl was degraded more rapidly in the set of discs which had a higher tissue to hormone ratio.
DISCUSSION
Zeatin or GA3 treatment of Ruitmex obtutsifolilus leaf discs results in reduced composite and log phase rates of Chl breakdown, and the reductions are similar for the two rates. This similarity means that these hormones may inhibit a single rate-limiting process throughout the course of senescence. In the present analysis, this includes the lag phase and the major part of the log phase of Chl breakdown.
ABA accelerates the composite rate more than the log phase rate in experiments in which solutions are not replaced. However, preliminary results indicate that when solutions are replaced there may be no difference in the degree of acceleration of these two rates.
GA, cannot overcome the effect of ABA on leaf disc senescence in Rutniex. Our results with the combined effects of GA3 and ABA indicate that they are consistent with an additive model of independent action but we do not have sufficient data to draw a firm conclusion.
Zeatin, at first, appears more effective than GA, as an ABA antagonist and can counteract the effects of ABA on the composite and log phase rates of Chl breakdown. As seen in Figure  2A , however, the kinetics of breakdown for saturating zeatin treatment is not the s2ame when ABA is present, and it appears that tissue exposed to ABA and 500 ftM zeatin enters the rapid phase of breakdown before tissue treated with zeatin alone. This fact, along with the failure of zeatin to overcome the effects of ABA when solutions are replaced (Fig. 2B) , leads us to conclude that we are not witnessing an interaction between these hormones. The favorable comparison between observed rates and those predicted by a multiplicative model for independent action of ABA and zeatin further bolster this conclusion (Table III) .
As is shown in Figure 3 (16) . Almost total disappearance of zeatin-like activity has been observed for detached Xanthiumn leaves after 3 days under short day or long day conditions (20) . The level of zeatin-like activity was on the order of 2.5 to 25 nM zeatin equivalents in these leaves before detachment under long days, assuming zeatin is 100 to 10 times more effective than kinetin in the bioassay used (14). Kliimbt (11) estimated the concentration of zeatin-like substances in Helianthus leaves to be between 25 and 45 nM. These concentrations of zeatin would be near the threshold of response in Figure 2 for unreplaced zeatin; sufficiently frequent replacement of such solutions, however, would give a response in our system.
The type of evidence presented strongly favors metabolism as the mode of zeatin inactivation, although it is possible that zeatin or its active metabolites are sequestered away from their site of action in the tissue. It is interesting to note that the inherent sensitivity of Rumex tissue may be the same to GA. and zeatin but the possibility is masked due to the rapid inactivation of zeatin.
Kende (9) and Sitton et al. (19) have emphasized the role root-synthesized cytokinins may play in controlling shoot growth and maintaining leaf protein levels, and they provided evidence from Helianthus for a continuous supply of cytokinins to the shoot via the xylem at a concentration of 1.5 to 15 nm zeatin equivalents during rapid vegetative growth and of 0.15 to 1.5 nM zeatin equivalents during flowering, assuming zeatin is 100 to 10 times more effective than kinetin in the bioassay used (14). Kliimbt (11) reported a value of 2.5 nM zeatin equivalents for xylem sap from mature Helianthus, although he did not state whether or not it was flowering. We have seen a dramatic increase in effectiveness for zeatin when solutions were replaced; a continuous supply of cytokinins to mature plant tissue could make nanomolar concentrations of cytokinins physiologically significant. If the cytokinins are rapidly inactivated and if they are responsible for retarding the senescence of leaves, a shut off in supply to mature leaves should be quickly manifested in the onset of senescence. It may be of considerable advantage to the plant to quickly reallocate nutrients from mature leaves to more needy parts during periods of H20 or nutrient stress. This shut off could come about by decreased cytokinin export from the root or by diversion in the xylem transport system away from wilted, shaded, or mineral deficient older leaves. ABA increases in wilting leaves, closes stomates, and thereby reduces xylem sap flux; this could further speed senescence by decreasing cytokinin influx.
